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Porous materialsa b s t r a c t
This work presents the light transmission through a collection of solid cellular polymers based on poly
(methyl methacrylate) (PMMA) with cells sizes covering the micro and nano-scale. The obtained results
showed that the behavior of light transmission when cell size is in the nano-scale is opposite to the one
shown by microcellular foams or the one predicted by theoretical models of light scattering (LS). In fact,
the expected trend is that a reduction of cell size increases the opacity of the samples. However, for
nanocellular polymers based on amorphous polymers reducing the cell size increases the light transmis-
sion. Therefore, this result indicates that a further reduction of the cell size could result in cellular poly-
mers optically semi-transparent.
 2017 Elsevier B.V. All rights reserved.1. Introduction
Nano-cellular polymers represent a new kind of materials
which have attracted the attention of the scientific community in
the last years due to their surprising properties [1,2]. Nowadays,
some papers have been published on the thermal [3], acoustical
[4], mechanical [5] or dielectric [6] properties of these materials
showing promising results. However, the optical properties of
these materials have been less considered [7].
Moreover, similar materials as those studied in this work are
silica aerogels [8]. An aerogel is an open-celled, meso-porous, solid
cellular material that is composed of a network of interconnected
nanostructures. It exhibits a porosity (non-solid volume) greater
than 50% and cells with sizes in the nano-scale (ca. 50 nm) [9].
These materials have a combination of properties that no other cel-
lular material possesses simultaneously [10]. For instance, silica
aerogels have very low densities and thermal conductivities
(Knudsen effect), among other extraordinary properties [11,12].
In addition, these materials, produced from transparent solid
matrix (silica) and with pores in the nano-scale, are almost trans-
parent to light in the optical wavelength range (400–750 nm) [9].
Therefore the aim of this paper is to study the optical properties
of nanocellular polymers produced from an amorphous polymer
(PMMA) trying to elucidate if reducing the cell size to the nanos-
cale could induce some transparency in the materials. To thisend light transmission (T) through samples has been measured.
This property characterizes the transparency of the materials.
Transmissivity (T) is defined as the ratio between transmitted (I)
and incident (I0) intensity reaching the light detector (Eq. (1)).
T ¼ I=I0 ð1Þ2. Experimental part
2.1. Materials
The PMMA was kindly provided by Altuglas-Arkema Company
(France) in the form of pellets. The material used presents a glass
transition temperature (Tg) of 115 C, density (qs) of 1180 kg/m3
and due to its amorphous structure a high transparency.
2.2. Samples production
PMMA pellets were first dried in a vacuum furnace (680 mmHg)
at 80 C during 4 h. Then, the pellets were molded into precursors
of 155  75  4 mm3 by using a two-hot plate press. The tempera-
ture of the press was fixed at 250 C. The material was molten
without pressure for 9 min, then it was compacted under a con-
stant pressure of 21.8 bar for another minute and finally it was
cooled under the same pressure.
Foaming experiments were performed in a pressure vessel
(PARR4681, Parr Instrument Co.). The pressure system comprises
an accurate pressure pump controller (SFT-10, Supercritical Fluid
Table 1
Labels, cell size (/) density (q) and relative density (qr) of samples under study.
Sample / (nm) q (kg/m3) qr
Nano-1 25 625.4 0.53
Nano-2 90 568.9 0.48
Nano-3 200 531.5 0.45
Nano-4 350 508.1 0.43
Nano-5 400 519.2 0.44
Micro-1 820 623.3 0.53
Micro-2 1080 638.6 0.54
Micro-3 7000 592.8 0.50
Micro-4 11000 649.0 0.55
Fig. 2. Sketch of the experimental set-up for transmissivity measurements.
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(1200W) controlled via a CAL3300 temperature controller. There-
fore, a collection of experiments were implemented following the
solid state foaming process [3,13]. The pressure and temperature
were selected in order to produce four samples with cells in the
micrometer range (/ > 500 nm) and five materials with cells in
the nano-scale (/ < 500 nm). The analyzed foamed specimens
(12  12  1 mm3) were prepared by using a precision buzz saw.
2.3. Characterization techniques
Density of the samples was measured by the water-
displacement method using the density determination kit for an
AT261 Mettler-Toledo balance. Relative density (qr) is calculated
as the ratio between cellular material density (qf) and solid poly-
mer density (qs) resulting for all analyzed samples values close
to 0.5 (Table 1). Although the effect of sample density is corrected
in transmissivity theoretical models, comparing samples with sim-
ilar densities is crucial to obtain accurate conclusions.
Cellular structure was determined using a scanning electron
microscope (JSM820, Jeol and Quanta 200FEG). Samples were
cooled in liquid nitrogen, fractured and finally coated with gold
using a sputter coater (SCD005, Blazers Union) for the microscopic
visualization. Microscopy images were analyzed using a self-
developed application [14] based on ImageJ/Fiji image analysis
software [15].
Microcellular materials with cell sizes between 1 and 11 lm
have been selected (Fig. 1 right). The nanocellular samples have
cell sizes ranging 25–400 nm (Fig. 1 left). Therefore, three orders
of magnitude of difference between the materials with the largest
and the smallest cell sizes.
2.4. Experimental set-up for transmissivity measurements
The experimental set-up to measure the light transmission by
using Eq. (1) is shown in Fig. 2. The device consist of a photodiode
joined to an integrating sphere with 12.5 mm window (PRW0505,Fig. 1. Micrographs of the two kinds of samples. Nanocellular (25–400 nm) – lefGigahertz-Optik) connected to a photometer (X94, Gigahertz-
Optik) as light detector and three different lasers as light source.
The lasers (blue -450 nm-, green -532 nm- and red -650 nm-,
10 mW) were selected in order to investigate the influence of light
wavelength in transmission. The samples were placed at a distance
less than 1 mm of the detector window and due to their surface
(12  12 mm2) and their thickness (1 mm) the totality of light
crossing the sample reaches the detector. The laser-detector dis-
tance was 30 mm fixing the size of the laser beam at the samples
surface (2 mm).3. Theory
Light scattering models concerning transmission in porous
media with a non-absorbing liquid matrix establish that transmis-
sivity is related with sample thickness (L) and transport mean free
path of light in the medium (l⁄) as long as the mean cell size is
much larger than light wavelength (Eq. (2)) [16]. This condition
is accomplished by the analyzed microcellular materials but not
in the case of nanocellular materials.
T / l=L ð2Þ
Mean free path is the average distance a photon travels before
its direction is randomized and is related with mean cell size and
relative density (Eq. (3)) [17].
l ¼ /= ffiffiffiffiffiqr
p ð3Þ
Combining the previous expressions it is possible to define a
normalized transmissivity (TN) that includes the influence of sam-
ple thickness and density (Eq. (4)).
TN ¼ LT ffiffiffiffiffiqr
p ð4Þ4. Results
The transmissivity values for the solid material (qr=1) were
around 0.85 for the three selected lasers. Consequently, PMMAt- and microcellular (0.8–11 lm) – right-. Samples are Nano-3 and Micro-4.
Fig. 3. Normalized transmissivity versus the cell size of the tested samples. Vertical
lines correspond to the wavelength of lasers 450, 532 and 650 nm-
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transparent nanofoams.
The normalized transmissivity obtained using different laser
beams is represented as a function of mean cell size of the samples
(Fig. 3). Two opposite trends are visible. On the one hand, for
microcellular foams as the mean pore is reduced the normalized
transmissivity decreases. This is the expected behavior for a micro-
cellular material (Eq. (3)). Under these conditions, considering a
one-dimensional cellular material, the lower is the cell size; the
higher is the solid barriers (cell walls or edges) inside the material.
Consequently, the number of light interactions with solid-gas
interfaces of the material increases and the amount of light cross-
ing the sample is smaller.
On the other hand, the results show an opposite trend for
nanocellular polymers. In this case, a reduction of the cell size
causes a significant increment of the transmissivity. In this range
of cell sizes, still considering one-dimensional cellular materials,
the frequency of solid barriers is higher than the frequency of oscil-
lation of light. This is a possible explanation of the phenomena
observed in the figure. As the mean cell size of the cellular material
decreases, the interaction of light with the solid-gas interfaces of
the foamed samples also decreases resulting in a higher transmis-
sivity. Moreover, in this range of cell sizes the light wavelength
influences the transmissivity response, reinforcing the possible
explanation presented above that assumes the dependence of
transmissivity on the relationship between the cell size and the
spatial frequency of light.
Finally, the minimum of the curves (Fig. 3) appears for mean
pore sizes close to the light wavelength. However, the lack of sam-
ples with cell size in this range prevents knowing the exact mini-
mum of the curves.
5. Conclusions
In summary, the paper presents the first experimental data on
the light transmission of nanocellular polymers produced froman amorphous polymer. The results showed that reducing the cells
below the wavelength of the light used in the experiments modi-
fies the trend in the transmissivity versus cell size curve. The ten-
dency is opposite to that observed for materials with cells in the
micro-scale or to that predicted by LS models. The results obtained
seem to indicate that by further reducing the size of the cells cel-
lular polymers with a significant transparency could be produced.
Further work is required to evaluate this effect for the infrared
wavelength range due to its influence on the thermal conductivity
of these materials.
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